Ranque-Hilsch Vortex Tube (RHVT) is a device with no moving parts and do not require electricity or chemicals to function. It has been used widely in cooling and heating of various operations, thermal test, dehumidification, gas liquefaction, ice production and mixture separation. Sustainable machining refers to the efforts to reduce the environmental impact of machining. The use of minimum quantity lubrication (MQL) is an effective solution for a more sustainable machining process. In this paper we propose the use of RHVT in MQL. The structure, working principles and types of RHVT are presented in this paper. Parameters associated with RHVT and the various possible working fluids are discussed in brief.
Introduction
The vortex tube was invented accidentally by George Ranque, a French Physic student in 1928 [1] and the scientific research of vortex tube was conducted by Rudolph Hilsch, a German Physicist in 1945 [2] . It is a simple, low cost, small and light weight device which uses compressed air as a power source. It has no moving parts and produces hot and cold air. The tube is made from durable material such as stainless steel and do not require any electricity or chemicals to function [2] . Because of these advantages, it has been used widely in machining, [3, 4] cooling and heating of various operations, thermal test, dehumidification, gas liquefaction, ice production and mixture separation [5] .
RHVT Structure and Working Principles
The basic structure of vortex tube consists of a hollow cylinder, hot and cold air exit nozzle, an input air inlet and a control valve as shown in Generally, compressed air is supplied into the vortex tube tangentially through an internal counter bore which set the air in a vortex motion. This air stream turns 90° and passes down the hot tube in the form of a spinning motion similar to a tornado [2]. The control valve at one end allows some of the warmed air to escape. The rest, heads back down the tube as a second vortex flow inside the low pressure area. This inner vortex loses heat and exhausts as a cold air through the cold air exit. Both inner and outer streams rotate in the same direction at the same angular velocity. Here, particles in the inner stream complete one rotation at the same amount of time as particles at the outer stream. However, because of the conservation of angular momentum principle, the rotational speed of the smaller vortex might be increased [2] . But in the vortex tube case, the speed of the inner vortex remains the same while the angular momentum is lost from the inner vortex. The energy that is lost shows up as heat in the outer vortex. Thus the outer vortex becomes warm, and the inner vortex is cooled.
Types of Vortex Tube
Vortex tube can be classified by flow characteristics, method of heat supply and how the removal of low-pressure gas streams is organized [1] . Table 1 summarized the types of vortex tube for each category. Table 1 : Summary of vortex tube types for each category [1] .
Category
Types of Vortex Tube Flow Characteristics [6] Uni-Flow (Parallel) vortex tube Counter flow vortex tube Method of Heat Supply Adiabatic (Un-cooled) vortex tube Non-adiabatic (Cooled) vortex tube How Removal of Low-Pressure Gas Streams is Organized
Dividing vortex tube Self -evacuating vortex tube Vortex Ejector
There are many research that had been done using different types of RHVT. Based on a literature survey that have been done, the counterflow RHVT is the most popular one. Yalcin [3] , Gao [4] , Xue [5] , Balmer [7] , Crocker [8] , Markal [9] , used counterflow RHVT in conducting their research.
Research Parameters Associated with RHVT
There are seven parameters commonly used in vortex tube work when using gas or pressurized air as working gas [1] . They are cold flow mass fraction (Cold mass fraction), cold and hot temperature difference, normalised temperature drop, cold orifice diameter, isentropic efficiency, coefficient of performance and irreversible parameter. A summary of parameters associated with vortex tube is shown in Table 2 . to work with incompressible working fluid as long as the pressure applied is high Crocker [8] Evaluate the separation process of oxygen gas from liquefied air flow Different temperature to evaluate oxygen gas separation process from liquefied air flow Oxygen purities of 60% at yields of 20%.
Markal [9] Investigate effects of the conical valve angle on thermal energy separation in RHVT Cold mass fraction, inlet pressure, swirl flow and length to diameter ratio (L/D) The effect of the valve angle on the performance changes according to the value of L/D and it has a weak influence on the system performance Besides that, there is also research associated with minimum quantity lubrication (MQL) in machining conduct by researchers using RHVT and without using RHVT. Here, most of the researchers used pressurized gas and pressurized liquid as the working fluids. Summary of research
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associated with minimum quantity lubrication (MQL) in machining using RHVT and without using RHVT are shown in Table 3 . 
RHVT and Working Fluids
Today, there is a large range of cutting fluids ranging from natural substance up to synthetic cutting fluid substance used in the industry [1, 7] which helps to increase tool life by reducing cutting temperature at the cutting edge, act as lubricating agent that reduce the friction of both cutting tool and workpiece and also flushed chips away during the cutting process which avoid damaging the workpiece [12, 13] .
There are researchers who conduct research using various types of cutting / working fluids with RHVT to see its characteristics and performance. Crocker [8] used RHVT to liquefy pressurized air with 0.6% humidity for advanced aerospace transportation usage. Yalcin [3] in their machining research used liquid nitrogen as its working fluid on a turning and milling center. Markal [9] used room temperature pressurized air to study the effect of the valve angle of counter flow RHVT on thermal energy separation.
On the other hand, Gao [4] used a mixture of pressurized air with liquid nitrogen to study the effect of different entrance shape of RHVT in cryogenic machining. Xue [5] used water as a working fluid to visualize the flow structure in a RHVT. Balmer [7] used pressurized air mixed with water to analyze the capability of the mixture to perform machining operation and the result is the capability to use very high pressurized air.
Sustainable Machining using RHVT
Based on a literature surveys the application of RHVT in end mill machining has increased considerably. At the beginning of the invention of RHVT, researchers used pressurized gas as the working fluid in various applications. Traditionally wet machining is employed in end milling.
When environmental pollutions became a serious problem, the method of machining shifted to dry machining with and without using RHVT. Researchers also explore the potential of using liquid nitrogen to enhance the machining performance. When applied to dry machining, it was found that the tool life is somewhat shortened [10] .
Advanced Materials and Process Technology
Realizing this problem, many researchers try to use minimum quantity lubrication (MQL). But one of the weakness of this method is that more than one nozzle need to be used. Our research proposes to use MQL with RHVT and a suitable mixture of air and liquid. This will produce higher pressure than a normal MQL method as well providing the necessary lubrication for maintaining tool life. This is based on Balmer [7] findings that it is possible to conduct MQL machining using RHVT as long as the pressure is as high enough to supply working fluid efficiently. A simulation of the vortex tube model using computational fluid dynamic (CFD) will be conducted. Air and a mixture of air and water soluble fluid will be use as working fluids. This then will be compared to experiment following to Xue [5] to verify and validate the findings. Next, by using CNC Milling machine, various experiments on part machining such on the above condition will be conducted. Lastly, a mathematical model will be developed to analyze the optimum parameter which considers not only machining parameters, but also power consumption during the machining.
